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PerformanceCharacteristicsofHero's
TurbineUsingHotWater
asaWorkingFluid*
TerushigeFUJII**,Jun-ichiOHTA**,KojiAKAGAWA***,
ToshiNAKAMURA**andHitoshiASANO*
Fromtheviewpointofenergyconservationandthedevelopmentofnewenergy
resources,itisimportanttoutilizegeothermalresourcesandwasteheatfromfac-
tories.Amongenergyconversiondevice,thereisaradialoutflowreactionturbine,i.e.,
Hero'sturbine.PerformancecharacteristicsofHero'sturbineareanalyticallyand
experimentallyclarifiedforflashingexpansionofinitiallysubcooledhotwater.Itis
foundthat:(a)thereisanoptimumnumberofrevolutionsatwhichmaximumturbine
efficiencycanbeobtained;(b)Hero'sturbineinternalefficiencycanbeexpressedas
analgebraicequationand(c)nozzlelossaccountsforalmost90%ofthetotalturbine
loss.
KeyWords PowerPlant,VaporEngine,MultiphaseFlow,TotalFlowTurbine,
TurbineE伍ciency,LossAnalysis
1.Introduction
Fromtheviewpointofenergyconservationand
thedevelopmentofnewenergyresources,itisimpor-
tanttoutilizegeothermalresourcesandwasteheat
fromfactories.Forthispurpose,atotalflowturbine
hasbeenproposed.Thetotalflowturbinedirectly
expandstwo-phaseflowswithoutthrottlingorsepar-
atingthem.Suchaturbinesystemhastheadvantage
ofgreaterefficiencythanothersystems.Theauthors
haveinvestigatedtheperformanceoftotalflowtur-
binecyclesω・(2).
Asatotalflowturbine,i.e.,atwo-phaseexpan-
der,varioustypesofexpandershavebeenproposed,
builtandtested:forexample,Hero'sturbine(3》～(5)(a
radialoutflowreactionturbine),animpulse
turbine(6)・(7),aLysholmengine(8)・(9}(ahelicalscrew
expander),aWankelengine'10',aPeltonwheel
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turbine(11),andaTeslaturbine(12》,Steideleta1.(8)and
Taniguchietal.(9)designedandtestedtheLysholm
engineasatwo-phaseexpander.Theexpansionratio
islimitedowingtothedisplacementmachine;thus,
therangeofpoweroutputislimited.Hijikataand
Mori(10}usedamodifiedWankelengineasatwo-
phaseexpander.TheWankelengineshowslossesdue
toperiodicadmissionofhotwaterandperiodic
exhaustoftwo-phaseflow.Thus,amechanismto
minimizetheselossesisrequired.Theimpulseturbine
issuitableforgreaterpowercapacity.Comfort(6》and
Satoeta1.(7)designedandtestedtheimpulseturbineas
twoっhaseexpander.Theproblemoferosionoccurs
whendropletshittheblades.TheTeslaturbineis
suitableforhighrotationalspeedandisnotaffected
byscaleformation.SteidelandWeissdesignedand
testedtheTeslaturbine(12)andreportedthatmaxi・
mumefficiencywas6.7%.
Inthisstudy,Hero'sturbinehasbeenchosenasa
two-phaseexpanderforbothlowerpoweroutputand
flashingexpansionofinitiallysubcooledhotwater.It
consistsofasimplemechanismandisnotsusceptible
tothebladeerosionproblem.Efficiencycharacteris-
ticsofHero'sturbinewereexpressedasasimple
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algebraicequationbyComforts'.Theequation,how-
ever,wasnotconfirmedbyexperiments.House
showedthatHero'sturbinegenerated130kWat
around8000rpm(3).Intheauthors'previousreport(4),
performancecharacteristicsofHero'sturbineusing
anair-watertwo-phasemixtureasaworkingfluid.In
thispaper,experimentalandanalyticalresultsof
performancecharacteristicsofHero'sturbineare
presented,forflashingexpansionofinitiallysubcooled
hotwater.
Nomenclature
C:Absolutevelocity
CT:Nozzlethrustcoefficient
El.:Energyofsaturatedhotwateratturbineinlet
Eon,:Outputenergy
h:Specificenthalpy
m:Massflowrate
N:Numberofrevolutions
P:Pressure
T:Torque
Tin:Inlettemperature
UQ:Peripheralvelocity
　や ロレ 　レ
W:Relativevelocity,W=Ue+C(SeeFig.2)
x:Steamquality
Z:Height
∠1Tsub:Inletsubcooling
ηゴ:Internalefficiency
Sl:UQ/V=S
Subscripts
e:Turbineoutlet
g:Vapor
in:Turbineinlet
Z:Liquid
2.ExperimentalApparatusandMethod
Aschematicdiagramoftheexperimentalappara-
tusisshowninFig.1andacrosssectionofHero's
turbineisshowninFig.2.Hero'sturbineconsistsofa
turbinechamber(4),twoarmpipes(3),twonozzles
1Cooユing
water
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Fig.1Schematicdiagramofexperimentalapparatus
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(2) ndacylindricalchamber,whichincludesbear-
ingsandamechanicalseal(15).Theradiusatthe
nozzleexitis312mmandtheangle,Q,betweenthe
nozzleaxisandthetangentofthecircle(R=312mm)
atthenozzleexitis30.1degrees,ascanbeseenfrom
Fig.2.Thecrosssectionofthenozzleshowsasharp
edgeatthethroat,adivergentangleof6degrees,
convergentangleof28degrees,throatdiameterof
2.5mm ndexitstreamexpansionratioof15.4.These
partsweremadeofaluminum.
Tapwaterwassoftenedbymeansofawater
treatment,pressurizedbyapump,andheatedina
oncethroughboiler(13).Thehotwaterwasthenled
tothecylindricalchamberthroughaseparatorwhich
wasattachedtotheboiler.Then,itwasmixedwith
coolingwaterforthemechanicalsealinthecylindri-
calchamber,ledtothenozzlesthroughthearmpipes,
flashedinthenozzles,anddischargedastwo-phase
flowjets.Reactionofthetwo-phaseflowjetcauses
theturbinetorotate.Consequently,theturbinecan
generateshaftpower.
Thefeedwaterflowrateoftheboilerwasmea-
suredbyanintegratedftowmeter(12)installedup-
streamfromtheboiler,andtheflowrateofthe
coolingwaterwasmeasuredbyarotameter(14)
installedupstreamfromthemechanicalseal.Theflow
rateofHero'sturbineisdefinedastheflowratetothe
boilerplusthattothemechanicalseal.Torquewas
measuredbyatorquemeter(8).Temperatureand
pressureattheturbineinletweremeasuredbya
thermocoupleandpressuretransduceratthepoint
wherethehotwaterwasmixedwiththecoolingwater
well(seeFig.1).Rotationalspeedwasmeasuredbya
noncontact-typerevolutionmeter.
WhenHero'sturbinewasexternallydrivenwith
noloadsbyanelectricservomotor(9),theproductof
thero tionalspeedandmeasuredtorquewastaken
torepres ntthelossesinthegears,bearings,and
mecha i alseal.Wetermthelossesamechanical
loss.Thep weroutputofHero'sturbineisamea-
suredpoweroutput,i.e.,theproductoftherotational
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Fig.2CrosssectionofHero'sturbine
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speedandtorque2nTN/60,plusthemeasuredmechan-
icalloss.
Thepressureandtemperatureattheinletwere
setbyadjustingthewaterHowrateandheatinputto
theboiler.Toobtainadesiredrotationalspeed,we
adjustedthevalueofanelectricalresistanceattached
totheservomotor.Experimentswerecarriedout
underthefollowingconditions:inletpressuresranged
fromO.28toO.36MPa,inlettemperaturesrangedfrom
373to413K(theinletsubcoolingsof31to4K),and
backpressurewasmaintainedat101.3kPabychang-
ingtheflowrate.
3.Output,InternalEfficiencyandLosses
3.10utputandinternalefficiency
Inthecasewherethedischargeangleforvaporis
equaltothatforliquid(seeFig.2),thepoweroutput
ofHero'sturbineisdefinedasinEq.(1),basedonthe
separatedflowmodel.
E≪,　=m{xe(We,ecos/3‐UQ)
+(1‐.xe)(w1,eCOSβ一 乙je)}乙IQ.(1)
Theenergyofsubcooledhotwaterattheinletcanbe
expressedas
E・・-m{/Gin-he+2C+9(z,・-ze>}.(2)
Theturbineinternalefficiencycanalsobedefinedas
η・一急1吐.(3)
WhenflashingoccursinHero'sturbine,therelation-
shipsO.5Ctn《 乃in-heand9(Zin-Zε)《 んn一 砺,inEq.
(2)aresatisfied**'.Thus,E,,,/misapproximately
equaltothevalueofh亘n-hεinEq.(2),i.e.,0.5Vts,
whereV,Sistheidealvelocityoftwo-phaseflowat
theexitofHero'sturbinefortheisentropicprocessat
N=Orpm.Therefore,theturbineinternalefficiency
canbeexpressedapproximatelyas
ηご=
xeWg,eCOS一 のUe+(1‐xe)(既,。cos一 α)UQ
1z
2V,S
(4)
SincethehotwaterobtainedenergyofO.5Uezdueto
therotation,thetheoreticalrelativevelocityatthe
turbineexitWhcanbeexpressedas
レ名h=乙IZe十zV,S.(5)
Thenozzlethrustcoefficientisdefinedastheratioof
anactualthrusttoatheoreticalthrustusingEq.(5);
thus,thenozzlethrustcoefficientcanbewrittenas
UQ+V,s)Wt・・.(6)
SubstitutingEq.(6)intoEq.(4)andreplacing
UQルiswithSl,Eq.(4)canberewrittenas
ηゴ=2(CTcasQSIz+1一ρ)∫2.(7)
InEq.(7),lossduetotheslipbetweenvaporand
ノ5ル1Elnternational/ournal
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liquidinthenozzl iscontainedinthevalueCT.When
thedifferenceindischargeanglesbetweenvaporand
liquidissmallandlossbetweentheturbineandnozzle
inletsisnegligible,itisseenfromEq.(7)thatthe
efficiencyofHero'sturbineisdeterminedbythe
nozzlethru tcoefficien CT,dimensionlessperipheral
v locitySl,anddischargeangleQ.
3.2Analysisoflosses
LossesinHero'sturbinecanbedividedintothree
types:( )Energylossinthepassagebetweenthe
turbineinletandnozzleinletsisdenotedasLcM.(2)
Energylossinthenozzleisdenotedasapassageloss,
Leh.(3)Kineticenergyofthetwo-phaseflowatthe
outletoftheturbineisdenotedasanexitloss,Le.Leh,
wasmeasuredusingwaterwithatemperaturerange
of278to283Kbythemethoddescribedin
Nakamura'sstudy(13).SincemeasuredvalueofLcぬ1in
thismethodwasmaxim㎜3WandtheratioofLcん1to
E且。waslessthanO.003(13),五。ゐ1wasignoredinthisloss
analysis.Therefore,energybalancecanbeexpressed
as
E亘。=E。ut+ム。ん+L。.(8)
Thepassageloss乙cんcanbedeterminedusingnozzle
e伍ciency.Nozzlee伍ciencyηκcannotbemeasured
directly.Therefore,itwasestimated,basedonan
approximaterelationship*t2as
η〃≒CT.(9)
Sinceηκwasgivenusingenergybetweenthenozzle
inletandexit,andthepassagelosswasgivenusing
energybetweentheturbineinletandoutlet,thepas-
sagelosscanbeexpressedas
L・k-{1-(zUe+V,$)V}E・・
.(1・)
Thethrustcoe伍cientcanbeestimatedasfollows:
Thrustisdefinedas
CT-(13) 乙房
+2Vis,
whereEl。wasmeasuredand乙 。hwasobtainedby
substitutingmeasuredvaluesofE。ut,m,乙る,andE藍,
F=m{xeWg,e+(1‐xe)Wi.e}.(11)
SubstitutingEq.(1)intoEq.(11)yields
Eon,+mUQ(12)F=U
QcosQ
SubstitutingEqs.(12)and(11)intoEq.(6),the
thrustcoe伍cientcanberewrittenas
_(Eout+m乙IZe)/(〃2UeCOSQ)
"'Inthisexperimentalcondition
,thekinematicenergy
ofthehotwaterattheinletwaslessthanO.04%of
the.adiabaticheatdrop.Thepotentialenergy
betweenthemeasuringpointandtheturbineexitwas
lessthanO.63%oftheadiabaticheatdrop.
s2Foraslipratioof10
,theerrorofthisapproximation
canbeestimatedatamaximumof2.7%ofthe
adiabaticheatdrop.Inthislossanalysis,exitlossLe
includestheerrorofpassageloss乙cゐinEq.(8).
SeriesII,Vol.35,No.2,1992
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intoEqs.(9),(10),and(13).TheexitlossLεwas
calculatedbysubstituting」Lcぬandmeasuredvaluesof
E,nandE。utintoEq.(8).
4.ExperimentalResultsandDiscussion
4.10utputcharacteristics
4.1.1TorqueandpoweroutputMeasuredtor-
q隔・Ti・pl・tt・d・g・in・tth…t・ti・n・1・Pe・dinFig・3・
Themeasuredtorqueisinverselyproportionaltothe
rotationalspeedforaconstantflowrate,and
decreaseswithincreasingrotationalspeed.Itcanbe
seenthatthemeasuredtorqueincreaseswithdecreas-
inginletsubcoolingdTS　bintherangebelowllKat
constantrotationalspeed,buttheinletsubcoolinghas
littleeffectonthetorqueintherangeabove14K.
MeasuredpoweroutputEo　cisplottedagainstthe
rotationalspeedwiththeinletsubcoolingasthe
parameterinFig.4.Thepoweroutputincreaseswith
rotationalspeed,buttheoutputgradient,withrespect
totherotationalspeed,becomessmallerasthe
rotationalspeedincreases.Thepoweroutputisvaried
from16to40Wforinletsubcoolingsof3to14Kand
from10to17Wforsubcoolingsof14to31K.ltcan
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beseenthattheeffectoftheinletsubcoolingonthe
poweroutputissimilartothatonthetorque.
4.1.2TurbineinternalefficiencyMeasured
efHciencyηゴisplottedagainsttherotationalspeed
withtheinletsubcoolingastheparameterinFig.5.In
this丘gure,ηfishigherintherangeofinletsubcoolings
of25to31K,andlowerintherangeofinletsubcoo-
lingsof3tollK.Itcanbeseenthattheeffectofthe
inl tsubcoolingontheefficiencyisoppositetothe
effectonthepoweroutput.Thisisattributabletothe
f ctthatflashingoccursinthenozzlesandthermal
energycanbeconvertedintopoweroutputinthe
rangeofinletsubcoolingsof3tollK,butphase
changedoesnotoccurinthenozzlestoanextent
sufficienttoproducepoweroutputinrangeofinlet
subcoolingsof25to31K.Thus,itisimportantto
designanozzlewhichcanfullyconvertthermal
energyintokineticenergyofatwo-phaseflowfora
giveninletsubcoolingandbackpressure.Ascanbe
seenfromthefigure,thereisanoptimumrotational
speedatwhichmaximumefficiencycanbeobtained,
exceptataninletsubcoolingof3K.Theresultsdonot
attainmaximumefficiencyfortheinletsubcoolingat
3K.Theoptimumnumberofrevolutionsincreases
withdecreasinginletsubcooling.
Maximumemciencyηf.ma、isplottedagainstthe
turbineexitthermalequilibriumqualityxe,sinFig.6.
As.xe,sincreasestoO.035,n;.maxdecreasesdrastically.
However,ηゴ,ma.increasesslightlyatvaluesabovexe.ε
=0.035.Thisisconsideredtobeduetothefactthat
thestateinthenozzlechangesfromasinglephase
flow(liquid)toatwo-phaseflowwithincreasingxe,s
toO.035,andthat,asxe,SbecomeslargerthanO.035,
dropletsinthenozzlearemoreaccelerated.
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4.1.3NozzlethrustcoefficientThethrust
coefficientofthenozzleattachedtotheturbinewas
measuredinastationarystate(N=Orpm).The
experimentalapparatusandmethodshavealready
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beenreportedintheauthors'previouspaper(14).The
m asuredvalueofthestaticthrustcoefficientwasO.55
foraninletpressureofO.3MPaandsubcoolingof
14.4K.Theestimat dthrustcoefficientsfromEq.(13)
areplottedagainsttherotationalspeedwiththeinlet
subcoolingastheparameterinFig.7.Itcanbeseen
thattheestimatedthrustcoefficients(N=100to250
rpm)arelowerthanthemeasuredstaticthrust
coefficient(N=Orpm)foraninletsubcoolingof14K.
Thisphenomenoncanbeexplainedasfollows:As
rotationalspeedincreases,dropletsaredepositedon
theinnerwallofthenozzleduetocentrifugalforce,
andthekineticenergyofthedropletsdecreases.Thus,
theresultsoftheestimatedthrustcoefficientappears
tobereasonable.Theestimatedthrustcoefficient
increasesforinletsubcoolingsof25Kand31K,as
expectedinsection4.1.2.Itcanbeseenthatasthe
rotationalspeedincreases,theestimatedthrust
coefficientdecreases,asinFig.7.Toachieveahighly
efficientHero'sturbine,Itisimportanttodevelopa
nozzlewhichshowshigherthrustcoe伍cientathigher
rotationalspeeds.
4.1.4Efficiencyanddimensionlessrotational
speedThemeasurede伍ciencyisplottedagainst
thedimensionlessrotationalspeedS2asthesymbols
andcalculatede伍ciencyfromEq.(7)usingβ=30.1
degreesasabrokenlineinFig.8**3.Ascanbeseen
fromthisfigure,themeasuredturbineefficiency
agreeswiththecalculatedturbineefficiencyusingthe
estimatedthmstcoe伍cientinFig.8.Thisindicates
thattheresultsofboththeefficiencyandthrust
coefficient,calculatedfromEqs.(13)and(7),are
consistentwiththemeasuredresults.Therefore,we
canpredictturbinee伍ciencyfromEq.(7),ifvalues
ofthenozzlethrustcoefficientduringrotationare
known.
4.2Lossanalysis
Lossesarenormalizedbytheenergyofthehot
waterattheinletEI。.ThereSultSareplottedagainSt
thedimensionlessrotationalspeedwiththeinletsub-
coolingastheparameterinFig.9,inthesubcooling
rangeof3,8andllK.Itcanbeseenthatthepassage
lossratioLeh/E,.exitlossratioLQ/E,.andpower
outputratioEbut/E且nareO.82toO.91,0.16toO.11,and
O.015toO.04,respectively.Thislossanalysisindicates
thatthepassageloss,relatedtothenozzleefficiency,
isdominant.Thisisattributabletothefactthatthe
nozzleswerenotoptimizedforthebackpressureand
rotationalspeed.Itisfoundthatdesigningahigher
帥3Measureddataforinletsubcoolingsof25and35K
areexcludedinFig.8,becauseitappearsthatflash-
ingdidnotoccurinthenozzlesasdescribedinsec-
tion4.1.2.
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thrustcoefficientnozzletakingintoaccountback
pressureandrotationalspeedisimportantforachiev-
ingahighlyefficientturbine.
5.Conclusions
PerformancecharacteristicsofHero'sturbineare
clarified,experimentallyandanalytically,forflashing
expansionofinitiallysubcooledhotwater.
(a)Thereisanoptimumrotationalspeedat
whichmaximumturbineefficiencycanbeobtained.
(b)Hero'sturbineefficiencycanbeexpressedby
analgebraicEq.(7).
(c)Nozzlelossamountstoalmost90%ofthe
totalturbineloss.
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